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ABSTRACT. In this paper we study the exponential functionals of
the processes X with independent increments , namely

t
I; :/ exp(—Xs)ds, t>0,
0

and also -
I :/ exp(—X;)ds.
0

When X is a semi-martingale with absolutely continuous char-
acteristics, we derive necessary and sufficient conditions for the
existence of the Laplace exponent of I}, and also the sufficient con-
ditions of finiteness of the Mellin transform E(I*) with o € R. We
give a recurrent integral equations for this Mellin transform. Then
we apply these recurrent formulas to calculate the moments. We
present also the corresponding results for the exponential function-
als of Levy processes, which hold under less restrictive conditions
then in [7]. In particular, we obtain an explicit formula for the
moments of I; and I, and we precise the exact number of finite
moments of 1.
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2 ON EXPONENTIAL FUNCTIONALS

1. INTRODUCTION

The exponential functionals arise in many areas : in the theory of self-
similar Markov processes, in the theory of random processes in ran-
dom environments, in the mathematical statistics, in the mathemati-
cal finance, in the insurance. In fact, self-similar Markov processes are
related with exponential functionals via Lamperti transform, namely
self-similar Markov process can be written as an exponential of Levy
process time changed by the inverse of exponential functional of the
same Levy process (see [21]). In the mathematical statistics the expo-
nential functionals appear, for exemple, in the study of Pitman esti-
mators (see [23]). In the mathematical finance the question is related
to the perpetuities containing the liabilities, the perpetuities subjected
to the influence of economical factors (see, for example, [18]), and also
with the prices of Asian options and related questions (see, for instance,
[16] and references therein). In the insurance, this connection is made
via the ruin problem, the problem in which the exponential functionals
appear very naturally (see, for exemple [25], [1], [17] and references
therein).

In the case of Levy processes, the asymptotic behaviour of exponential
functionals was studied in [9], in particular for a-stable Levy processes.
The authors also give an integro-differential equation for the density of
the law of exponential functionals, when this density w.r.t the Lebesgue
measure exists. In [7], for Levy subordinators, the authors give the for-
mulas for the positive and negative moments, the Mellin transform and
the Laplace transform. The questions related with the characterisation
of the law of exponential functionals by the moments was also stud-
ied. General information about Levy processes can be find in [29], [5],
[20].

In more general setting, related to the Lévy case, the following func-
tional

1) / " exp(—X,)dn,

was studied by many authors, where X = (X;);>0 and n = (74)i>0
are independent Lévy processes. The interest to this functional can
be explained by a very close relation between the distribution of this
functional and the stationary density of the corresponding generalized
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Ornshtein-Uhlenbeck process. We recall that the generalized Ornshtein-
Uhlenbeck process Y = (Y;)i>0 verify the following differential equa-
tion

(2) dYy =Y, dXy + dn

When the jumps of the process n are strictly bigger than -1, and Xy = 0,
the solution of this equation is

where £(X) is Doléan-Dade exponential (see [15] for the details). Fi-
nally, if we introduce another Lévy process X such that forallt > 0

E(X) = exp(Xt),

then the integral of the type (1) appear in (3).

The conditions for finiteness of the integral (1) was obtained in [13].
The continuity properties of the law of this integral was studied in [6],
where the authors give the condition for absence of the atoms and also
the conditions for absolute continuity of the laws of integral functionals
w.r.t. the Lebesgue measure. Under the assumptions which ensure
the existence of the density of these functionals, the equations for the
density are given in [3], [4], [19]. It should be noticed that taking the
process 1 being only drift, one can get I, as a special case of the Lévy
framework.

In the papers [24] and [22], again for Levy process, the properties of
the exponential functionals I, was studied where 7, is independent
exponential random variable of the parameter ¢ > 0. In the article [22]
the authors studied the existence of the density of the law of I, , they
give an integral equation for the density and the asymptotics of the
law of I, at zero and at infinity, when X is a positive subordinator.
The results given in [24] involve analytic Wiener-Hopf factorisation,
Bernstein functions and contain the conditions for regularity, semi-
explicite expression and asymptotics for the distribution function of
the exponential functional killed at the independent exponential time
7,- Despite numerous studies, the distribution properties of I; and I
are known only in a limited number of cases. When X is Brownian
motion with drift, the distributions of I; and I, was studied in [11]
and for a big number of specific processes X and 7, like Brownian
motion with drift and compound Poisson process, the distributions of
I was given in [14].
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Exponential functionals for diffusions was studied in [26]. The authors
considered exponential functionals stopped at first hitting time and
they derive the Laplace transform of these functionals. To find the
laws of such exponential functionals, the authors perform a numeri-
cal inversion of the corresponding Laplace transform. The relations
between the hitting times and the occupation times for the exponen-
tial functionals was considered in [28], where the versions of identities
in law such as Dufresne’s identity, Ciesielski-Taylor’s identity, Biane’s
identity, LeGall’s identity was considered.

Howerever, the exponential functionals involving non-homogeneous pro-
cesses with independent increments (PII in short) has not been studied
sufficiently up to now. Only a few results can be found in the litera-
ture. Some results about the moments of the exponential functional of
this type are given in [12]. At the same time PII models for logarithme
of the prices are quite natural in the mathematical finance, it is the
case of the non-homogeneous Poisson process, the Levy process with
deterministic time change, the integrals of Lévy processes with deter-
ministic integrands, the hitting times for diffusions and so on (see for
instance [30], [10], [2]).

The aim of this paper is to study the exponential functionals of the
processes X with independent increments, namely

t
(4) I :/ exp(—Xy)ds, t >0,
0
and also
Ioo:/ exp(—Xs)ds,
0

and give such important characteristics of these exponential functionals
as the moments and the Laplace transforms and the Mellin transforms
of mentioned functionals.

For that we consider a real valued process X = (X;):>o with indepen-
dent increments and X, = 0, which is a semi-martingale with respect to
its natural filtration. We denote by (B, C,v) a semi-martingale triplet
of this process, which can be chosen deterministic (see [15], Ch. II,
p.106). We suppose that B = (By)i>0, C = (Cy)i>0 and v are abso-
lutely continuous with respect to the Lebesgue measure in ¢, i.e. that
X is an Ito process such that

t t
B, = / byds, C;= / csds, v(dt,dr) = dtK,(dr)
0 0
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with measurable functions b = (bs)s>0,¢ = (¢s)s>0, and the kernel
K = (K{(A))i>0,4eBm\foy)- For more information about the semi-
martingales and the Ito processes see [15].

We assume that the compensator of the measure of the jumps v verify
the usual condition: for each t € R*

(5) /0 t /R \{0}(@«2 A, (dx) ds < oo.

We recall that the characteristic function of X;
¢1(A) = Eexp(iAXy)
is defined by the following expression: for A € R

1 t 4
Or(N) = exp{iABt—§A20t+/ / (€™ —1—iAxly<1y) Ky(dz) ds}
0 JR\{0}

which can be easily obtained by the Ito formula for semimartingales.
We recall also that X is a semi-martingale if and only if for all A € R the
characteristic function of X, is of finite variation in ¢ on finite intervals
(cf. [15], Ch.2, Th. 4.14, p.106 ). Moreover, the process X always can
be written as a sum of a semi-martingale and a deterministic function
which is not necessarily of finite variation on finite intervals.

From the formula for the characteristic function we can easily find the
Laplace transform of X, if it exists:

E(e—OéXt) — 6—<I>(t,a)

Putting A = 7« in the previous formula, we get that

1 t
®(t,a) = aB; — —a’Cy — / / (e =14 axly,<1y) Ks(dx) ds.
2 0 JE\{0} )

As known, in the case when X is a Levy process with parameters
(bo, Co, Ko), it holds
E(e—aXt) _ 6—t<I>(a)

with

1
(o) = aby — 504200 — /R\{o}<em — 1+ axlypy<y) Ko(dx).

In this article we establish necessary and sufficient conditions of the
existence of the Laplace exponent, and also the sufficient conditions
for finiteness of E(/{) with fixed ¢t > 0 (see Proposition 1). Next, we
use time reversal of the process X at fixed time ¢ > 0 to introduce a



6 ON EXPONENTIAL FUNCTIONALS

new process Y = (Ys(t))ogsgt with Y = Xi — X¢—s)—. In Lemma 1
we show that

vo [t o
L, =e "t e’ ds.
0

Then, we prove that Y is a process with independent increments and
we identify its semi-martingale characteristics. This time reversal plays
an important role and permits to replace the process (I;);>o which is

not Markov, by a family of Markov processes V) = (Vs(t))ogsgt indexed

by ¢t > 0, where V") = e v N ¥ du. Tn the sequel we omit () to
simplify the notations.

In Theorem 1 we consider the case of & > 0 and we give a recurrent
integral equation for the Mellin transform of ;. In the Corollaries
2 and 3 we consider the case when X is a Levy process. We give the
formulas for positive moments of I; and I, and also the formula for the
Laplace transform. The results for I, coincide, of course, with the ones
given in [7] for Levy subordinators. But it holds under less restrictive
integrability conditions on /., and less restrictive condition on Levy
measure at zero. We can also precise the number of finite moments of
I (cf. Corollary 3 and Corollary 5). In Theorem 2 and Corollaries 4
and 5 we present analogous result for the case oo < 0.

2. FINITENESS OF E(If*) FOR FIXED t > 0.

Now, we fix t > 0. In the following proposition we give necessary and
sufficient conditions for the existence of the Laplace transform of X;,
and also sufficient conditions for the existence of the Mellin transform
of I;. In what follows we assume that K verify the following stronger
condition then (5): for t > 0

(6) /Ot /R\{O}(:c2 A lz|) K (d)ds < oo.

This condition says, roughly speaking, that the ”big” jumps of the
process X are integrable, and it ensures that finite variation part of
semi-martingale decomposition of X remains deterministic. Moreover,
the truncation of the jumps is no more necessary. In addition, Kruglov
theorem can be applied to show that (6) is equivalent to E(|X;|) < oo
(cf. [29], Th. 25.3, p.159).
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Proposition 1. Let « € R and t > 0. Under (6), the condition

t
(7) / / (7 — 1+ ax)K(dr)ds < oo,
0 JR\{0}

18 equivalent to

(8) E(e %) < 0.

Moreover, the condition (7) implies for a« > 1 and oo < 0 that

) B(I7) < oo

In addition, if (7) is valid for o =1, then for 0 < a <1 we have (9).

Remark 1. Assume that X has only positive jumps, then for & > 0 the
condition (7) is always satisfied. In the same way, if X has only negative
jumps, then, of course, for « < 0 the condition (7) is satisfied. If X
has bounded jumps, the condition (7) is also satisfied. In general case,
the condition (7) is equivalent to the one of the following conditions:
if a > 0, then

t
(10) / / e “Ky(dr)ds < oo,
0 Jx<-1

and if o < 0, then

t
(11) // e “Ky(dx)ds < oo.
0 Jx>1

In the case of Levy processes these conditions coincide with the ones
given in [20], p. 79.

Remark 2. It should be noticed that if the condition (7) is verified
for @/ = a4+ with 6 > 0 and a > 0, then it is verified also for a. To
see this, apply Holder inequality to the integrals in (10) and (11) with
the parameters p = “:5 and ¢ = O‘J”S. In fact, since % + % =1 and
v([0,t]x] — 00, —1[) < oo we have for (10):

¢
/ / e “Ky(dr)ds <
0 r<—1
(// e K (dx)d ) (/ Kd:cd) < 0
r<—1 r<—1

The same can be made for o < 0. In this case we take § < 0.
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Proof. Since X is assumed to be a process with independent increment
which is a semi-martingale, it can be written as the sum of deterministic
process B of finite variation on finite intervals and local martingale M:

Xt:Bt+Mt

with By = 0 and My = 0. Notice that, the local martingale property of
M follows from the independence of the increments and the fact that
PII is a strong Markov process. Moreover, the local martingale M with
independent increments will be a martingale (cf. [31], Th. 58, p.45).
Notice also that to prove (8) is equivalent proving

(12) E(e M) < o0
since B, is deterministic.
We introduce for n > 1 the stopping times
T, = inf{s > 0: |M,| > n}

with inf{()} = +o00. By the Ito formula we have:

tATn 1 tATn
e~ oMinmn — gmaMo _ a/ e M= q M, + 5(12/ e M- < M€ >,
0 0

tATh
+ / / e~ Mo~ (e — 1+ ax) s (ds, dz),
0 R\{0}

where iy, is the jump measure of M and My = 0. We remark that
on stochastic interval [0,t A 7,,[, 0 < e=*Ms= < ¢l@i™ and then, by an
additional localization which we do not write explicitly, we get that

tATh
E/ e~ Ms—q M, = 0.
0

We take the mathematical expectation in the previous decomposition
and we use the projection theorem (see [15], Ch. 2, Th. 1.8, p. 66)
together with the facts that d < M¢ >,= ¢, and AM, = AX,, to
obtain

1 tATh
(13) E(e *Mivm) =1 + 5042 E/ e M= ¢ ds
0

tATh
+E (/ / e M- (g7 1 4 ax)Ks(d:c)ds)
0 R\{0}

We also remark that the both terms on the r.h.s. of the last equality
are positive since e=* — 1 + ax > 0 for all x € R. Take n — +oo,
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then 7,, = +o00, and by the Fatou lemma and the Fubini theorem we
get that

1 t
(14) E(e M) <1+ 5042/ E(e M) c,ds
0

t
—|—/ E(e_O‘MS)/ (e — 1+ ax)K,(dr)ds
0 R\{0}

Then, by the Gronwall lemma

P11
E(e M) < exp (/ {—oﬂcs +/ (e =1+ ax)KS(d:c)] dS)
o L2 R\{0}

t
= exp (loﬂ@ + / / (7 — 14 ax)K,(dr) ds)
2 0 Jr\(0)

and using (7), we get (8) via (12).
Assume next that (12) holds. From (13) we get

tATn
E(e M) > 14+ E (/ / el (SR ax)Ks(dx)ds)
0 R\{0}

Again, the Fatou lemma applied to the r.h.s. of the previous in-
equality and the Jensen inequality applied to the Lh.s. with M., =
E(M; | Finr,) gives us:

t
E(e M) > 1+ / E(e ) / (€7 — 1+ az)K,(dx)ds
0 R\{0}

Then, using the Gronwall lemma again

E(e M) > exp (/Ot /R\{O}(e_‘m — 1+ ar)K,(dz) ds)

Then, we have the condition (7).

Let 7 be uniformly distributed on [0,¢] random variable independent
of X and o > 1 or a < 0. Then,

E(e ™) = E(I,/t)
and by the Jensen inequality

t
(IL/t)* < = / e=%sds

=7,

—_

and

t
E(IM) <t ! / E(e***)ds
0



10 ON EXPONENTIAL FUNCTIONALS

—onS)

Then, since (e 0<s<t is a sub-martingale and (12) holds, we have

t t
/ E(e_o‘Xs)ds:/ e B E(e M) ds
0 0

t
< E(e M) / e Prds < 0o
0

and this yields (9).

If 0 < a < 1, then by the Holder inequality again E(1*) < (EL)* < oo.
U

Let us give some examples useful in mathematical finance.

Example 1. Let X be non-homogeneous Poisson process with inten-
sity (As)s>0. Then, K (A) = A; - d;13(A) for all A € B(R\ {0}), where
dq1y is delta-function at 1, and the condition (7) is satisfied as soon

as f(f Asds < oo. Hence, under the last condition, E(I;*) < oo for all
a>1and o <O.

Example 2. Let L be Levy process with generating triplet (b, ¢, Ko)
and X be the process L time changed by deterministic continuously
differentiable process (7(t))i>0, i.e. Xy = Ly¢). Then, for t > 0

Ee 9Lrt) — o= ®(@)7(?)

where ®(«) is Laplace exponent of L. We write

O(a)7(t) = aT(t) by — %oﬁ 7(t) co — 7(t) /R\{O}(e‘” — 1+ ax) Ko(dzx)

and also, the Laplace exponent of X
1 t
®(t,a) = aB; — ~a*C; — / / (e7* — 1+ ax) Ky(dx) ds
2 0 Jr\{0}
By the identification we get that that B, = by7(t), C; = ¢o7(t), and for
all A € B(R\ {0}), v(A,dt) = Ko(A)r'(t)dt. Hence, by = by7'(t), ¢; =
cor'(t), and all A € B(R\ {0}), K;(A) = Ko(A)7'(t). The condition

(7) is satisfied whenever

(15) /R\{O}(e‘m — 1+ ar)Ky(dr) < 0.

Under this condition E(I}*) < co.
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Example 3. Let L be Levy process with generating triplet (bg, co, Ko)
such that Ky has a density fy w.r.t. a Lebesgue measure and

t
Xt:/ gsdLs
0

where g = (gs)s>0 is a not vanishing square-integral measurable func-
tion. To find the characteristics of X we take a canonical decomposition
of L, namely

Ly = byt + \/coW; +/ / r(px(ds,dz) — v(ds,dx))

R\{0}
where W is standard Brownian motion. We put this decomposition
into the integral which defines X. We get by the identification that
B; = by fot gsds, Cy = g fg g2ds. Moreover, since AX, = g,AL, for s >
0, we deduce by projection theorem that for any positive measurable
function h

/ / x)px(ds, dx) / / dx)ds
R\{0} R\{0}

and that the Lh.s. of the previous equality is equal to

/ / h(zgs)pr(ds, dx) / / h(zgs)Ko(dz) ds
R\{0} R\{O}

Changing the variables we get that K(dz) = ‘g ‘ fo(7) dz and that the
condition (7) is satisfied whenever

t
/ / (7" — 1 + axgs) Ko(dx)ds < 0.
R\{0}

Under the last condition, E(I7) < oco.

3. TIME REVERSAL PROCEDURE

We introduce, for fixed t > 0, a new process Y = <}/s(t)>0§s§t with
YO = Xy — Xy—s—. To simplify the notations we anyway omit the
index (t) and write Yy instead of v

First of all we establish the relation between I; and the process Y.

Lemma 1. Fort > 0 the following equality holds:

t
I, = e_Yt/ e¥sds
0
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Proof. Using the definition of the process Y and the assumption that
Xo =0 we have

¢ ¢ ¢
eYt/ eYSds:/ eYtJ“YSds:/ e~ Xt-9-1Xo g
0 0 0
¢ ¢
:/ eXt‘Sd:s:/ e Xds = I,
0 0

since the integration of the both versions of the process w.r.t. the
Lebesgue measure gives the same result. 0

We will show that the process Y is PII and we will give its semi-
martingale triplet with respect to its natural filtration. For that we

put
b bi_, for0 <u <t,
) by foru =t,

which can be written also as
by, = Ly (u)(be — o) + by—u,

where 14 is indicator function of the set {t}. We do the similar defi-
nitions for ¢ and K:

Cu = Ly (u)(cr — co) + Crou,
RulA) = g () (K4(A) — Ko(A)) + K u(A)
for all A € B(R\ {0}).

Lemma 2. The process Y is a process with independent increments,
it is a semi-martingale with respect to its natural filtration, and its
semi-martingale triplet (B, C,v) is given by :

(16) B :/ budu, C, :/ Cudu, v(ds,dzr) = K,(dx)ds,
0 0
where 0 < s < t.

Proof Let us take 0 = 55 < 81 < 89 < --+ < s, = t with n > 2.
Then the increments (Y, — Ys,_,)i1<k<n Of the process Y are equal to
(X(tfsk,l)f_X(tfsk)f>1§k§n and0=t—s, <t—s, 1 <---<t—sy= L.
From the fact that X is the process with independent increments, the
characteristic function of the vector (X;—s, ,—n — Xt—s,—n)1<i<n With
small h > 0, can be written as a product of the corresponding character-
istic functions. Namely, for any real constants (\g)o<ip<n We get:

E exp(i Z Me(Ximsp 1 —h=Xi—spmn)) = H E exp(iAi(Xi—s, ,—n—Xi—s,—1n))

k=1 k=1



ON EXPONENTIAL FUNCTIONALS 13

Then, passing to the limit as A — 0+,

Eexp(i »  M(X(—s, -—X(—s)-)) = [ [ Eexp(ire(X(e—s, 1)-—X(t—s)-))
k=1 k=1

Hence, Y is a process with independent increments.
We know that we can identify the semi-martingale characteristics w.r.t.
the natural filtration of the process with independent increments from

the characteristic function of this process. We notice that Y; = X, —
X(t—s)— and by the independence of Y, and X;_,)_

E(eiAXt) — E(eiAYS)E(eiAX(t_S)_)

Then,
E exp(i\Y;) = Eexp(iAXy) /Eexp(iAX_g-) =

t 1 t ¢ ‘
expq{iA / budu— =\ / cudu—l—/ / (™ —1—idz) K, (dz) du}
t—s 2 t—s t—s JR\{0}

We substitute u by v/ =t — u in the integrals to obtain
E exp(i\Y;) =

s 1 S S ] o
exp{i\ / budu — = \? / Cudu + / / (™ — 1 —idx) K, (dr) du}
0 2 Jo o Jr\{0}

Therefore, the characteristics of Y are as in (16) and the proof is
complete.O

4. RECURRENT FORMULAS FOR THE MELLIN TRANSFORM OF [,
WITH o > 0.

Let us consider two important processes related with the process Y,
namely the process V = (V;)o<s<t and J = (Js)o<s<: defined via

V, =e Y J,, Js = / eYedu.
0

We underline that the both processes depend of the parameter .

We remark that according to Lemma 1 , I; = V, for each ¢t > 0.
For a« > 0 and ¢t > 0 we introduce the Mellin transform of I; of the
parameter «:

m® =E(I}) = E(e " Jp)
and the Mellin transform for shifted process:

t «a
mg(,lt) =E [(/ e(X“XS‘)du) }
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Notice that mg)? = mg ) Notice also that

t (0%
mg?fe) =E K/ e(X“XS)du) ]

In fact, X, — X, = X, — X,_ — AX, and

t t
/ e(X“XS‘)du:eAXS/ e—(XrXS)du

Since AX, and (X, — X,),>, are independent, and E(e=**%) = 1, we
get the equality of two expressions for mgf?

We introduce also two functions: for 0 < s < ¢
1
(17) HY = ab, — 504203 — / (7 — 1+ ax)K,(dx)

R\{0}
and

(18) H = 14y(s)(H — H) + H)

These functions represent the derivatives w.r.t. s, of the Laplace ex-
ponents ®(s, o) and <I>(s «). We recall that

O(s, ) = aBg — C / / e — 1+ ax)v(du,dx)
R\{0}
and
B(s,a) = aB, — / / e _ 1 4 ax)i(du, d)
R\{0}

where v and v are the compensators of the jump measure of X and
Y respectively. We notice, that these functions are well-defined under
condition (7). We also notice that

D(s,a) = O(t,a) — Bt — s,q)

Our aim now is to obtain a recurrent integral equation for the Mellin
transform of I;. For condition (19) below see Remarks 1 and 2.

Theorem 1. Let o > 1 be fized and assume that fort > 0 there exists
0 > 0 such that

(19) / / ~er e (da) ds < oo.

Then, m§“’ 15 well-defined and the following recurrent integral equation

holds

(20) m} —a/ m(a D em@ma) gy



ON EXPONENTIAL FUNCTIONALS 15

If X s Levy process, then for allt > 0

t
(21> mga) _ ae@(a)t/ mgafl) e@(a)sds
0
Moreover,
d a 6% a—
(22) pr [m,E )] = —mg )q)(a) + osze 2

Proof. From Lemma 2 we know that Y = (Y;)o<s<: i a process with
independent increments which is a semi-martingale, i.e. Y, = B, +
M,, where B is a deterministic process of finite variation on finite
intervals and M is a local martingale. But the local martingales with
independent increments are always the martingales (see [31]).

For n > 1 we introduce the stopping times
T, = 1nf{0 < s <t:V;>norexp(—Y;) > n}

with inf{()} = 4o00. For fixed s, 0 < s < ¢, we write the Ito formula
for V5

SATp *

VCV

SATn

SATn 1 SATn
= a/ Verldv, + éa(a — 1)/ Verd < Ve >,
0 0

SA\Tn
(23) +/ / (Vi + 2)* = V2 — aV2'z) py(du, dz)
0 R\{0}

where py is the measure of the jumps of V. Using integration by part
formula, we have:

(24) dV, = du+ J,d(e™)

Now, again by the Ito formula, we get

u 1 u
(25) e Yu = Y0 _ / e Y-dY, + 5/ e Y-d<Y®>,
0 0

*/ / e (e — 14 @)y (dv, de)
0 JR\{0}

Then, putting (25) into (24), we obtain

(26) dVE = —¢ Ve ], dYE = —V,_dY?,
d<Ve>,=V2d<Y®>,

and

(27) AV, =e " J (e = 1) =V, _(e® — 1),
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where AV, =V, —V,_ and AY, =Y, —Y,_. The previous relations
imply that

SA\Tn
(28) Vi =a [ vt
0
SATn 1 SA\Tn
+Oz/ J VA (e ™) + éa(a - 1)/ Vitd<Ye®>,
0 0

SN\Tp,
+/ / Ve (e —1—a(e™® — 1)) py(du, dz)
0 R\{0}

To use in efficient way the Ito formula for e ¥« given before, we intro-
duce the processes A = (Ay)o<u<t and N = (N, )o<u<: Via

u B 1 _ u
A, = / e Y- [-dB, + =dC,] + / / e (e — 1+ 2)v(dv, dr)
0 2 o Jr\{0}

N, = —/ eY”‘de+/ / e V= (e —1+2)[py (dv, dz)—v(dv, dz)]
0 0 R\{0}

We notice that A is a process of locally bounded variation and N is
a local martingale with localizing sequence (7,)n>1, since B, C are of
bounded variation on bounded intervals and

/ / (e7" — 1+ x)K,(dr)ds < cc.
0 Jr\{0}

From (25) we get that
(29) e =e Y0 4 A, + N,.

We incorporate this semi-martingale decomposition into (28) and we
consider its martingale part. This martingale part is represented by
the term

SA\Tn
oY / vet J,dN, =
0

SN\Tp,
o / Ve [, + / (€% — 1+ &)y (dv, do) — D(dv, dz))]
0 R\{0}

which is a local martingale. Let (7),),>0 be a localizing sequence for this
local martingale and let 7,, = 7, A 7. Then we do additional stopping
with 7/, in previous expressions, and we take mathematical expectation.
Using the fact that the expectations of martingales starting from zero
are equal to zero and also applying the projection theorem, we obtain:

SN\Tn
(30) B —an ([ vt
0
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SA\Tn 1 SA\Tn B
+aE ( / Vet dAu) + §a(a ~1)E < / Ve dCu)
0 0

+E ( /0 o /]R e e — 1 — a(e™ — 1)] #(du, dx))

and, hence,

SN\Tn, SNA\Tn,
(31) E(Vii:)=aoE </ Vuo‘ldu) —E </ Ve dCD(u,a))
0 0

We remark that 7,, — +oo (P — a.s.) as n — 4o00. To pass to the
limit as n — oo in r.h.s. of the above equality, we use the Lebesgue
monotone convergence theorem for the first term and the Lebesgue
dominated convergence theorem for the second term. In fact, for the
second term we have using (17) and (18) :

SN\Tn t
/ Ve dd(u,a)| < / Ve |H |du
0 0

In addition,

¢ ¢
E (/ |8 |H1(La)|du> < sup E(V) / |]:I£°‘)|du
0 0

0<u<t

The function (Hﬁa))ogugt is deterministic function, integrable on finite
intervals. Hence, it remains to show that

(32) sup E(VY) < oc.

0<s<t

By the Jensen inequality

Ve < Sal/ ea(YufYS)du
0

s —

We remark that Y, — Y, = X_s— — X—y—, and then

(33) BV?) <5 [ Bt Ny
0

Since the process X is a process with independent increments, we have
for0< u < s<1t

E(ea(ths—thu)) _ E(e_athu)/E(e_aths) —

t—u t—s t
exp{—/ H®dr +/ H®dr} < exp{/ |H |dr}
0 0 0
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Due to the Remark 1 and the condition (19), H(® is integrable function
on finite intervals, and hence,

t
sup E(V) <t exp{/ |HY|dr} < oo
0

0<s<t

To pass to the limit in the Lh.s. of (31), we show that the family of
(Vihr, Jn>1 is uniformly integrable, uniformly in 0 < s <. For that we

recall that Y; = B, + M, where B is a drift part and M is a martingale
part of Y, and we introduce

— S —
V, = eMS/ eMuduy
0
Then
’ S _ _ S _ _
V, = eYS/ eYudu = eMsBS/ eMutBu gy,
0 0

S sup (€Bu_BS)‘7s S eVar(B),g ‘_/S
0<u<s
where Var(B); is the variation of B on the interval [0, ¢]. This quantity
is deterministic and bounded, hence, it is sufficient to prove uniform
integrability of (V.. Jn>1.

Next, we show that (V;)p<s<; is a submartingale w.r.t. a natural filtra-
tion of Y. Let s > s, then

/

E(Vy|F,) = E(e_Ms// eMedu | F,) =
0

E(e~ Mo =M [, 4 M / eMedu] | Fy) >

E(e_(]‘zs,_]\745)‘7t9 | “FS) — ‘7; E(e_(Ms/_MS))
The expression for E(e~s=Mo)) can be find from the expression of

the characteristic exponent of Y without its drift part:

E(e—(MS/—MS) —

1 s’ s’
exp (5/ cudu —i—/ / (e =1+ x)v(du, da:)) > 1.
s s R\{0}

Then, (V)g<s<; is a submartingale, and by Doob stopping theorem

(P-a.s.) B B
E(Vsa | ]:s/\m) > Var

SA\Tp*

Hence, for all n > 1, ¢ > 0 and I(+) indicator function

EVo L ) S EBEVY | For) Lpwe | Fonse) <
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CRE(B(VE | Fonr,) o) < ¢ TB(VT)

It remains to show that sup,.,o, E(V™) < co. The last inequality
can be proved in the same way as (32).

After limit passage, we get that

(34) E(VY) = — /OS E(V*) d®(u, o) + oz/os E(V* Y)du

We see that each term of this equation is differentiable w.r.t. s for
s < t. In fact, the family (V*)o<s<; is uniformly integrable and the

function (E(V))o<s<: is continuous in s as well as (P(s, ))o<s<i. We

calculate the derivatives in s of both sides of the above equation and
we solve the corresponding linear equation to obtain:

E(‘/Sa) _ O“ed)(s,oz)/ E(vuafl) e@(u,a) du
0

Now, we write that ®(u, a) — ®(s,a) = —®(t — u, a) + ®(t — s,a) and
we let s — t— to get
t

E(‘/ta) _ Oé/ E(Vua—1)6—<1>(t—u,a) du
0

Notice that [; = V; and, hence, E(V,*) = m§“>. Since

u u t
Vu :/ e Yedy :/ e~ Xi-0-=Xa-w-)dy :/ e~ Kv=Xe-w-)qy
0 0 t—u

we also have E(V271) = mg(f;?. Then, we obtain (20) after the change
of variables in integrals replacing ¢t — u by w.

In particular case of Levy process, we use (20) and we take into account
that mgft_l) = m{*;" and that ®(u,a) = ®(a)u. Then, after the

change of variables, the formula (21) follows as well as (22). O

Remark 3. It should be noticed that the relation (20) can be obtained
with another technique (see [27]), based on the approach of [7].

Now we will apply our results to calculate the moments.

Example 4. We consider Levy process L = (L;)t>0 with generating
triplet (bo, co, Ko) starting from 0, and time changed by deterministic
process (7¢)i>0 wWith 7z = rIn(1 +¢) with » > 0, i.e. Xy = L,, for t > 0.
Then, by change of variables u = rIn(1 + s) we get

t 1 rIn(1+t) 1 rin(1+t) -
I, = / e~ brmte dg = —/ e~ (Lu=u/T) gy = —/ e udu
0 0 0

T r
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where L is Levy process with generating triplet (by — %, co, Ko). We

denote by @ the Laplace exponent of L. Then for & > 0, &D(k) =
®(k) — & and

E() = -

1—(1 —r®(1)+1 .
1 /rln(1+t) —é(l)ud (:‘;()W lfT(I)(]_) —1 7é O,
, . e u =

In(1+1¢) otherwise.

For shifted process Xl(f) =L, — L. ,u > s the corresponding moments

t n t n
mg? =E {(/ e_(LT"_LTs)du) ] =E {(/ e_LW—Ts)du) ]

. . c
since L is homogeneous process and (L., — L; )uss = (Lry—r, Juss-

We change the variable putting 7, — 75 = rIln(14+u) —rIn(1+s) =v—s

where v is new variable. We denote v(s,t) = 7 In(+t) and we remark

1+s
that 1 +u = (14 s) exp((v — s)/r). Then,

t n s+u(s,t) - "
s r s
v(s,t) ~ "
/ e Tudu
0

m _ (149" _m)
ms,t - T v(s,t)

_ (1+ s)”E

rn

Finally, we get for n > 0:

(n)
v(s,t)

[0,v(s,t)]. We suppose for simplicity that ® is strictly monotone on
the interval [0, n 4 1]. Then, using the integral equation of Theorem 1
and the expression for the moments of Levy processes given in Corollary
1 below, and the fact that

where m is n-th moment of the exponential functional of L on

efq)(s,nqtl) _ efé(nJrl)TS — (1 + S>fr<13(n+1)

we get for n > 1:

—_

n—

1)!
m{"Y = (n+1)

rn

t —d(k)v(s,t) _ ,—B(n)v(s,t)
0 I[I @@ -3ew)

0<i<n, itk

T

0
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where ¢(n) =n —r®(n+1) and ®(k) is the Laplace exponent of Levy
process L, ®(k) = ®(k) — %, 1 < k < n. To express the final result we
put

p(k) =r®(k)—k, y(n,k)=n—k—r(®n+1)—&(k))

and
B (1 + t)'y(n,k)-f—l -1
Qunk) = S A DA

Then, after the integration we find that for n > 1

E([thrl) _ mgnri*l) _ (n N 1>! n—1 Qt(n’ /{?) — Qt(n, n)

Remark 4. It is clear that the explicit formulas for the moments in
non-homogeneous case will be rather exceptional. For numerical cal-
culus the following formula could be useful: for all 0 < s <t

t
mg‘? — Oé/ mg?ftfl) e@(u,a)fq)(s,a) du

To obtain this formula it is sufficient to find the Laplace exponent of
shifted process (XQ(LS))SSUQ with X = X, — X,. Since X is a PII, the
variables X, and X, — X are independent, and

E(e—aXU) — E(e—aXs) E(G_a(X“_XS))
and then, the Laplace exponent of shifted process X is given by:
D) (u, a) = B(u, o) — (s, ).

5. POSITIVE MOMENTS OF I; AND I, FOR LEVY PROCESSES

Now we suppose that X is Levy process with the parameters (by, co, Ko).
In this case the condition (6) become:

(35) / (2% A |z]) Ko(dz) < .
R\{0}
It should be noticed that in [7] the condition on Levy measure was

/ (2] A DKo (dar) < o0
R\{0}
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and this condition is stronger at zero and weaker at infinity then (35).
When X is Levy process, the condition (19) become: there exists
6> 0

(36) / e~ T | (d) < 0.
r<—1

Corollary 1. Let n > 1 and suppose that ® is bijective on [0,n] N N.
Then,

n-1 —®(k)t _ ,—®(n)t
e e
E(I)=nl)_
i | G JORE JO)
0<i<n, i#k
Proof. The formula follows from (21) by induction. O

We present here two examples, one of them is related with Brownian
motion, and second one with compound Poisson process.

Example 5. Let X be a Brownian motion with drift 4 > 0 and dif-
fusion coefficient ¢ > 0, i.e. X; = ut + oW, where W = (W;);>¢ is

a?o?

5~ and if 21 g not
(ea

standard Brownian motion. Then, ®(a) = ap —
an integer, we get:

E(I]') = n! g
R P | ST

0<i<n,i#k

ef(k:,ufk:202/2)t _ ef(n,ufn202/2)t

Example 6. Let X be compound Poisson process such that X; =
SO Uy where (U )g>o is a sequence of independent random variables
with distribution function F' and N is a homogeneous Poisson process
with intensity A > 0. Then, ®(a) = A fR\{O}(l — e ) F(dz). In
particular, if the Uy’s are standard normal variables, we get that ®(a) =
A1 —e**/2) and

E(I") = nl Z exp(M(1 — /%)) — exp(At(L — */?))
t - . .
par A H (ek2/2 B ez2/2)

0<i<n,i#k

We introduce the Laplace-Carson transform mﬁf‘) of mga) of the param-
eter ¢ > 0:

m((]a) :/ qe_qtmga)dt
0

This integral is always well-defined in general sense, since the integrand
is positive.
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Corollary 2. (cf. [7]) Let X be a Levy process which verifies (35) and
(36), and such that for fiwed o > 1, mY < 0o. Then the Laplace-
Carson transforms m{® and mi*™" of m{® and m{*™"
are well-defined and we have a recurrent formula:

(37) mga> (g + P(a)) = Ozm(a b

In particular, for integer n > 1 such that m% < 0o we get:

respectively,

n!

[Ti=1(g + (k)

(38) i =

As a consequence,
n!

[T5=1 ®(k)
Moreover, if all positive moments of I, exist and the series below con-
verges, then the Laplace transform of 1., of parameter 3 > 0 is given

by:

(39) ) Z Hk X

E(I") =

o0

Proof. The first equality for the Laplace-Carson transforms follows di-
rectly from (22). The second equality can be obtained as particular
case from the first one, by recurrence.

5 (1) (n)

For the third one we prove that my’' — ms’ as ¢ — 0. In fact,

(n) — m&,) as t — +o0o and

Let us denote Mt(") = / my "ds. By integration by part formula we

have for each ¢t > 0 :

t t
/ ge m{Mds = [qe " M) + / e "MV ds
0 0

Then, since MO(") =0 and Mt(n)/t —m® as t — +oo,
m(g") = / qe_qsmg")ds = q2/ e_qSMég")ds
0 0
Since ¢> fooo se ¥ds =1, we get

™ —m = ¢ / e~ (MM — smM)ds
0

q
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(n)
For each € > 0 there exists ¢, such that for s > t., [~ — mg)| <e
Then,

te
\mé")—mg”g(f/ e~ | MM — sm|ds+
0

[e.9]
Le

We notice that

M
S

(n)

te
ds§q2/ e MM — sm{V|ds + €
0

te
hmq / e | MM —sm | ds =0
0

q~>
Then, taking lim._,olim, o in the previous inequality we get that
i

as ¢ — 0. Finally, we take the limit as ¢ — 0 in second equality, to
obtain the third one. The formula for the Laplace transform of I,
can be proved by using Taylor expansion with remainder in Lagrange
form. O

Example 7. Let X be homogeneous Poisson process of intensity A.
Then all positive moments of I, exist, and we have for 0 < g < A

) g
o Z)‘"Hk11_e )

Corollary 3. Let oy = inf{a > 0|®(«) < 0} with inf{0} = +oo.
Then, BE(I%) < oo if and only if 1 < n < «ag. In particular, for Brow-
nian motion with drift coefficient by and diffusion coefficient co # 0,

1
d(n) = nby — §n200

and the moment of I, of order n > 1 will exist if n < %
If X is a subordinator with non-zero Levy measure Ky such that (35)

holds, then

B(n) = by — /R gy )]~ /R o = Do),

and under the condition

bo —/ l’K()(d.T) > 0,
R*\{0}

all moments of I, ewist.
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Proof. Let n = sup{k > 1: E(I¥) < co}. If n = 400, then ®(k) > 0
forall kK > 1 and ag = +o0. If 1 < n < 400, from Corollary 2 we get
that ®(n) > 0. Since ®(«) is concave function such that ®(0) = 0, we
conclude that n < ag. Conversely, substituting ¢ — s by s in (21) of
Theorem 1 we get:

t
E(IM") <nE(IXY / e~ s s
0

If1 <n < ay, ®(n) > 0, and the integral on the r.h.s. of this inequality
converge as t — 0o. By induction, it gives that E(/Z) < oo. Moreover,
the results for continuous case and the case when X is a subordinator,
follow immediately from the expression of ®(k). O

Example 8. Let X be time changed Brownian motion, namely X; =
ute + oWy, where W = (W;);>¢ is standard Brownian motion, u € R,
o > 0 and 7 is first hitting time of the level ¢ of the independent (from
W) standard Brownian motion B = (B;);>o with the drift coefficient
b > 0. Then, as known, ®(a) = (b*42au—a?0?)V/2 —b with b* + 20—
a?0? > 0 (see for instance [8], formula 2.0.1,p.295). Then, E(I") < oo
if and only if 2 — no > 0.

Example 9. Let X be pure discontinuous Levy process with Levy
measure

cexp(—Mzx)
Ko(dz) = — 55— Totool(2)d2
where ¢ > 0, M > 0,0 < 8 < 1. Then,
't —
O(a) = %((tha)ﬁ — MP — aMP13).

Then, ®(a) > 0 for a > 1, and all moments of I, exist.
6. RECURRENT FORMULAS FOR THE MELLIN TRANSFORM OF I,
WITH o < 0.

In the following Theorem 2, we derive the integro-differential equation
for the Mellin transform mga) of I; with o < 0.

Theorem 2. Let a < 0 be fixed and

¢
(40) // el ) (da) ds < oo.
0 Jz>1
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Then, for s >0, mgi? s well-defined as well as m
following recurrent differential equation:

a—1 1 e ot d «
(41) mi,t ) = o mgt) Hs( ) — %mg,t)

In the case of Levy process X we have:

(a—1
s,t

) and we get the

1 d
42 (a=1) _ = (@) ¢ —ml@
(42) my - <ms (o) + dSmS

Proof. The proof of this result is similar to the proof of Theorem 1.
For n > 1 we introduce the stopping times

1
T, = inf{u >s:V, < —orexp(-Y,) >n}
n

with inf{} = 4+o0c0. Then from the Ito formula similarly to (23) we
get: for 0 < s <t

tATh 1 tATh
Vo =Voi4 a/ Vertdv, + ioz(oz - 1)/ Verd < Ve >,

tATn
(43) +/ / (Vi + 2)* = V2 — aV2 ') py(du, dz)
s R\{0}

where py is the measure of the jumps of V. Using (24), (26), (27) we
have

tATh
(44) Vi, =Vea [ Vet
tATh 1 tATh
—l—a/ J VAT d(e™™) + éa(a - 1)/ Vid<Y®>,

tATh,
+/ / Ve (e —1—a(e™™ — 1)) py(du, dz)
s R\{0}

where py the measure of the jumps of Y. Taking in account (29) we,
finally, find that
(45)

tATh tATh
E(Vix.,) = E(V)) + aE ( / Vu“:ldu) ~E ( / Ve dd(u, a))

We remark that 7,, = +o00 (P —a.s.) as n — +o0. To pass to the limit
as n — oo in the r.h.s. of the above equality, we use the Lebesgue
monotone convergence theorem for the first term and the Lebesgue
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dominated convergence theorem for the second term. In fact, for second

term we have:
tATh _ t B
/ Ve dd(u,a)| < / Ve |HY |du

S

In addition,

¢ ¢
E (/ Vi |]:I£a)|du) < sup E(V}) / |]r]£a)|du
s s<u<t s

The function (HQ(LO‘))OSUQ is deterministic function, integrable on finite
intervals. Hence, it remains to show that

(46) sup E(V%) <

s<u<t

By the Jensen inequality

Ve < ual/ ea(vaYu)dU
0

[T —

Then, in the same way as in Theorem 1 we get that

t
sup BV) < s expl [ [H]ar)
0

s<u<t

To pass to the limit in the Lh.s. of (45), we prove that the family
of (Vs Jn>1 is uniformly integrable, uniformly in u € [s,¢] in the
same way as in Theorem 1. For that we introduce a submartingale

(Vu(a))sgugt with
Vi) = G_O‘M"/ Mo dyy
0

Voz < 6\a|Var(B)t ‘_/(oz)'

u

such that

)
On the set {Vu/\T > ¢} we get that 1 < ( “””)% Then
o (o) ye=L
g ooy < (V)R e = (V0] )55

UNTR

By Jensen inequality we get that
(VU/\T ) VU(/C\VT Y %
Hence, we proved that foralln > 1, ¢ >0and s <u <t

BV, L@ g <c Tl max(s, ¢7e) B(V©D)

NTn
To prove uniform integrability it remains to prove
sup E(V V) < 00

s<u<t
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in the same manner as before.

After limit passage we get that

t t
(1) BV =B - [ B dbwa) +a [ B
We differentiate each term of this equality w.r.t. s to obtain that

d _
T p(ve) + B A aBVe) =0
s
We take in account that E(V) = ml(ﬁ)s,t, E(Verl) = mgﬁ;? and that

HY = Ht(fi This gives us that

a « « a—1
o H — o) =0
Finally, replacing ¢t — s by s we get (41). In the case of Levy processes
mgf)&t = m{® due to homogeneity, and H*) = ®(a), and this gives
(42). O

To present the results about negative moments of Levy process X with
the parameters (bg, o, Kp), we introduce the condition:

(48) / el ) (dr) < oo.
>1

Corollary 4. (cf. [7])Let X be Levy process verifying (35) and (48),
and let o < —1 be fized. Suppose that mY < 0. Then the Laplace-

Carson transforms of m and me™ are well-defined and we have a

recurrent formula:

(49) e = = (m{®(a) + ¢ml™)

and, hence,

A~ (a— 1 A (a
) =~ (g + ()

In particular, under above conditions, for integer n > 2 and o = —n
we get:
o o (_1)n—1 n—1
(50) 7@nh:mgn-m_1y11m+¢p%»
k=1

As a consequence,

(51) B = B - TToc-h)
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Proof. Two first equalities given above follow directly from Theorem
2. The third one can be proved in the same way as in Corollary 2 by
letting ¢ — 0. U

Example 10. For compound Poisson process presented in Example 5
with Uy’s which follows standard normal distribution, we get for n > 1
1

E(IZ) 17,2
(1) 1(62 —1).

E(I) =

o0

T

Corollary 5. Let f =sup{k > 1| —oco < (1) <0 for1 <[ < k}
with sup{0} = 1. Then E(Ix™™) < oo if and only if n < B and
E(IZ!) < oc.

In particular, for Brownian motion with the drift coefficient by and the
diffusion coefficient co # 0, E(I;,("H)) < oo if and only if % > —1.
If X s a subordinator with fR+\{o} rKo(dz) < oo, then

cI)(—k):—k:[bo—/ xKo(d:c)]—/ (5 — 1)Ko (da),

RT\{0} RT\{0}
and under the condition
RT\{0}

E(IO_O("H)) < oo if and only if fR+\{o}(6m — 1)Ky(dz) < 0.

Proof. Suppose that E([C;("H)) < oo for some n > 0. Then by Cauchy-
Schwartz inequality we get that for all k, 1 < k < n, E(IF) < .
Then the formula (51) yields that and E(IZ!) < oo and —oo <
O(—k) < 0for 1 <k <n. Hence, n < 8 and E(I]!) < oc.
Conversely, if n < 8 and E(I') < oo, then —co < ®(—k) < 0 for
1 <k <n. Then from (41)

I Gl B

_ 1d 12(=F)|
s T T s kds ks =T Me

) —k
since %m( ) > 0. Hence,

_ _ LB (k)| _
E(I-"tD) = ;- < ‘7}311 < 00
(I") ~ _Bl k (I%)

In the case of Brownian motion we conclude that ®(—k) = —kby —
tk%cg > —oo for all k > 1. Since @ is concave function with ®(0) = 0,
the condition ®(—1) < 0 ensures the existence of all negative moments.
In the case when X is a subordinator, and under mentioned condition
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(52), all ®(—k) < 0 and only the condition of finiteness of ®(—k) play
a role in the existence of the negative moments. U

Example 11. Let us apply the Corollary 5 to time changed Brownian
motion considered in Example 8. We get that ®(a) < 0 whenever
—b? < 2ap — a?0? < 0. Hence, all negative moments of I, exists if
E(I') < oo and 2u + 02 > 0.
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